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physiological processes such as cardiac or respiratory
pulsations (Dichter, 1973). In awake animals, additional
movement will be produced by behavioral or spontane-
ous motor activity. These forces may be coupled to the
brain in several ways. The cranium and its attachment
Michale S. Fee*
Biological Computation Research Department
Bell Laboratories
Lucent Technologies
Murray Hill, New Jersey 07974
to the apparatus are compliant and move in response
to spontaneous and respiratory movements. In addition,
the cerebral pressure shows cardiac and respiratorySummary
fluctuations that may cause brain movement (Avezaat
and van Eijndhoven, 1986). Cardiac pulsations may alsoIntracellular recording is a powerful electrophysiology
technique that has revealed much of what is known be caused by changes in the volume of cerebral blood
vessels (Avezaat and van Eijndhoven, 1986). Finally,about the biophysical properties of neurons. However,
neuronal properties are strongly affected by activity forces may be directly coupled to the brain through
movement of the spinal cord and cranial nerves.dependent and modulatory influences, making it es-
sential, ultimately, to study these properties in behav- A number of techniques have been developed to per-
mit stable neuronal recordings in the presence of theseing animals. Unfortunately, intracellular recording has
only been widely applied in vitro, since cardiac and sources of movement, including draining of the cerebro-
spinal fluid (for a review, see Britt and Rossi, 1982),respiratory pulsations make intracellular recording
difficult in vivo. In awake behaving animals, spontane- mechanical stabilization of the brain (Glotzner and Cal-
vin, 1973; Svoboda et al., 1997) or spinal cord (Morales etous movements make intracellular recording nearly
impossible. Here I present a novel technique to dynam- al., 1981; Glenn et al., 1988), or using passively “floating”
electrodes (Goldstein et al., 1975; Schmidt et al., 1977).ically stabilize the position of a recording electrode
relative to the brain. Physiological signals that are pre- None of these has been generally applicable for reliable
intracellular recordings in awake behaving animals. Indictive of brain motion at the recording site, such as
the electrocardiogram (EKG), respiratory pressure, or this paper, I describe a general method to actively stabi-
lize the position of the electrode relative to the brain forcranial motion, are used to control a piezoelectric ma-
nipulator, making possible stable intracellular record- multiple sources of brain movement.
ings in awake active animals.
Results
Introduction
Active mechanical stabilization of a probe, such as an
Much of our understanding of the function of the brain intracellular recording electrode, requires two steps:
has come from probing the nervous system at the level measuring or inferring the motion of tissue, and actively
of single neurons. With few exceptions (Morales et al., moving the electrode in such a way as to precisely track
1981; Glenn et al., 1988; Matsumura et al., 1988), the the brain motion. Ideally, this would require continuous
study of single neurons in behaving animals has been measurement of brain motion at the recording site and
limited to extracellular recordings of action potentials. a corresponding adjustment of the recording electrode
Yet action potentials represent only the output state of in three dimensions. Fortunately, the fine microelectrodes
a neuron, the end result of the integration of synaptic, commonly used for intracellular neuronal recording are
intrinsic, and modulatory neuronal currents. The mem- extremely laterally compliant. That is, the tip moves pas-
brane potential is an essential dynamical variable in this sively with the tissue if the displacement is perpendicu-
integrative process and, thus, contains far more infor- lar to the electrode axis. Therefore, active tracking of
mation about the neuron and network in which it is the electrode position needs to be done only along the
embedded than action potentials. electrode axis, rather than in three dimensions.
Membrane potentials are experimentally accessible I describe two generally applicable implementations
through intracellular recording techniques. Although a of this approach to stabilizing an intracellular electrode,
number of studies have used these techniques in anes- differing in the type of measurement that is used to
thetized animals (Ylinen et al., 1995; Svoboda et al., generate the control signal for the dynamic positioning
1997; Kim and McCormick, 1998; Swadlow et al., 1998; of the electrode. In the predictive stabilizer, physiologi-
Bazhenov et al., 1999; Lampl et al., 1999; Zhu and Con- cal signals highly correlated to brain motion, such as
nors, 1999) and even awake animals (Yokota et al., 1970; respiratory pressure and the electrocardiogram (EKG),
Baranyi et al., 1993; Torterolo et al., 1995), brain motion are used generate this control signal. In the second
makes intracellular recording difficult under even the best technique, the control signal is generated from a direct
conditions. The primary means of stabilizing the brain measurement of the position of the brain or cranium.
for in vivo intracellular recording is to secure the cranium
to the recording apparatus. Residual brain motion in Active Stabilization Using Physiological Predictors
such a head-fixed preparation arises from periodic In in vivo recording experiments, cardiac and respiratory
pulsations are usually a significant source of brain mo-
tion. Physiological signals associated with cardiac and* E-mail: fee@lucent.com
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Figure 1. Physiological Correlates of Brain Motion in Anesthetized
Zebra Finch
(A) Electrode impedance is sensitive to relative displacement be-
tween the electrode tip and brain tissue. The electrode is placed
in the target area and (with 1 nA hyperpolarizing current) slowly
advanced to produce stable motion-related fluctuations in electrode
voltage. Also shown are the simultaneously recorded EKG and in-
traclavicular airsac pressure signals.
Figure 2. Predictive Electrode Stabilization(B) Spectral density of the electrode impedance signal, thresholded
(A) The motion compensation is accomplished by filtering the EKGEKG (see Experimental Procedures), and respiratory pressure sig-
and respiratory pressure by a linear finite impulse response (FIR)nals (arbitrary units). The strong correlation between the physiologi-
filter. The filters are implemented in a digital signal processor (DSP).cal signals and brain motion is demonstrated by the near unity
The output of the cardiac and respiratory filters are added andcoherence between the electrode impedance and the pressure
sent to the piezoelectric controller to stabilize the position of the(blue) and between the electrode impedance and the EKG (red).
electrode relative to the brain.
(B) Example FIR filters for respiratory (left) and cardiac (right) stabi-
lizer. The filters coefficients are chosen to minimize the relativerespiratory activity, such as EKG and respiratory pres-
motion between electrode and the brain produced by cardiac andsure, are highly correlated with brain motion. If the rela-
respiratory pulsations.tionship between these signals and brain pulsations is
(C) Electrode impedance and electrode position with the stabilizerknown, the physiological signals can be used to continu-
on (at left) and off (at right). Note that when the stabilizer is on,
ously adjust the electrode position, in the absence of the electrode moves to compensate for brain motion; the constant
direct brain displacement measurements. electrode impedance indicates that there is little relative motion
between the electrode and the brain. Sharp glass intracellular re-Fortunately, the relationship between brain motion at
cording electrodes are highly compliant laterally, so compensationthe recording site and these physiological signals is
only needs to be accomplished in the axial direction. Once the filterseasily determined using a property of sharp glass intra-
are calculated, the DSP runs in background and the electrode maycellular recording electrodes: electrode impedance is
be advanced for intracellular recording.
very sensitive to the properties and position of tissue
near the tip. As an intracellular recording electrode is
advanced into the brain, large fluctuations in the series finch (Figure 1B) shows that both the electrode imped-
ance signal and the thresholded EKG (see Experimentalelectrical impedance of the electrode can be seen as the
tip impinges on inhomogeneities in the tissue properties. Procedure) exhibit spectral peaks at roughly 10–15 Hz
(and higher harmonics of this fundamental). Cross-spec-Furthermore, at certain electrode positions, there is a
stable monotonic relationship between electrode posi- tral analysis reveals that the coherence between these
signals is nearly one at the spectral peaks. Similarly, thetion and electrode impedance.
In all animals studied (anesthetized rats, n 5 3; and impedance and breathing signals both reveal spectral
peaks at the respiratory frequency (1–2 Hz), also with aanesthetized zebra finches, n 5 30), the electrode im-
pedance showed large fluctuations even while the elec- coherence of nearly one.
The recording electrode may be stabilized by applyingtrode position was held stationary. In rats and zebra
finches, these fluctuations were strongly correlated to a linear filter to the cardiac and respiratory signals to
generate a control voltage for the piezoelectric manipu-cardiac and respiratory activity, as determined from the
EKG and respiratory pressure, respectively (Figure 1A). lator (Figures 2A and 2B). The filters are implemented
in a digital signal processor (DSP) with programmableSpectral analysis of data from the anesthetized zebra
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filter parameters (Signalogic, PC-32). I will describe the Active Stabilization by Direct Position Measurement
Although the technique described above substantiallytechnique for stabilizing with respect to the cardiac pul-
eliminates the largest source of brain motion in anesthe-sations; the details for stabilizing the respiratory pulsa-
tized animals, the difficulty in awake behaving animalstions are similar. The filter parameters are obtained in
is much more severe; the brain movements associateda preliminary step in which the electrode impedance
with gross motor activity are complex and are not welland the EKG are simultaneously recorded at a 1 kHz
correlated with any single physiological parameter.sampling rate for 2–4 s. To calibrate the electrode im-
However, I have found that in awake head-fixed rats,pedance signal in terms of a corresponding piezoelec-
displacements of cerebral cortex are strongly correlatedtric control voltage, the computer dithers the electrode
with residual cranial motion. Thus, in the second tech-by a known displacement and measures the fluctuations
nique I present here, displacements of the cranium alongin electrode impedance (see Experimental Procedures).
the axis of the electrode were used as a predictor ofUsing standard spectral analysis techniques (see Exper-
brain movement. As before, this signal was used toimental Procedures), the transfer function between the
control the axial positioning of an intracellular recordingEGK and the brain motion signal is calculated. Since
electrode with a piezoelectric manipulator. In the currentthe EKG signal is highly periodic, only the values of the
implementation, recordings were made in cerebral cor-transfer function at the harmonics of the EKG signal
tex of an awake head-fixed rat. Displacement of theare used. The Fourier transform of the transfer function
cranium was measured with a laser interferometer, asyields the impulse response. The positive time values of
shown in Figure 3. To facilitate the interferometric mea-the impulse response are used as the filter coefficients,
surement, a 100 mm reflector (flattened gold wire) waswhich are downloaded into the DSP.
placed on the cranium near the small craniotomy throughThe entire procedure is under control of the host com-
which the electrode is passed. The reflector must beputer and takes only a few seconds. The host computer
placed near the recording site since cranial rotationprogram was implemented in the MATLAB programming
would otherwise result in discrepancies between thelanguage (Mathworks, Inc.). Because of nonlinearities
measured cranial displacement and brain displacement.in the electrode impedance signal and hysteresis of the
The reflector must be oriented to direct the reflectedpiezoelectric manipulator, the compensation will often
beam back into the interferometer.not be adequate after the first calculation of the filter
The interferometer fringes were counted with quarter-
coefficients. The residual fluctuations are usually cor-
wavelength resolution, giving a measurement precision
rected by another iteration of measuring 2–4 s of EKG
for cranial displacements of 0.16 mm. The fringe count
and electrode impedance, calculating the transfer func-
was accumulated in a binary counter and the result was
tion and impulse response. The new filter coefficients converted into an analog voltage corresponding to the
are simply added to the previous coefficients. Usually accumulated cranial displacement. The analog voltage
one to three iterations are sufficient to remove most of was then amplified and used to control a linearized pi-
the residual fluctuations in the impedance signal. ezoelectric manipulator (see note), by which the elec-
The electrode is usually advanced close to the region trode position was controlled. The response time of the
where the recording is to be made, and the filter coeffi- interferometer and piezoelectric manipulator was mea-
cients are found. At this point, measurement of brain sured to be 900 ms. It was essential that the passive
motion with the electrode is no longer necessary and mechanical stabilization of the cranium be sufficiently
the electrode is advanced for intracellular recording. At good that the residual motions did not exceed the range
any time except during an intracellular recording, any of piezoelectric positioner (6100 mm) or disturb the opti-
residual brain motion can be corrected by passing cur- cal alignment of the interferometer (z680 mm).
rent through the electrode and updating the filter coeffi- In preparation for the recording sessions, rats were
cients as described above. If small residual pulsations conditioned to sit head-fixed in the apparatus (Bermejo
are seen to build up during a long intracellular recording, et al., 1996). Two animals were restrained in a cotton
for example in the membrane potential, these can often cloth wrap during the recording session, and two ani-
be minimized, by hand, by adjusting the gain of the mals were further trained to run, head-fixed, on a tread-
amplifier/controller for the piezoelectric manipulator. mill placed under the recording apparatus. Recordings
In the anesthetized zebra finch, this stabilization tech- were made in sensorimotor and frontal cortex (Paxinos
nique reliably reduces the cardiac and breathing related and Watson, 1986), through a small craniotomy (,0.5
motion by more than 80%. The compensation was most mm) to minimize the relative motion between the brain
accurate near the site at which the filter parameters and the cranium.
were calibrated. As the electrode was moved more than In the two resting rats, three intracellular recordings
0.5–1.0 mm from the calibration site, the compensation were made with durations of 8 min, 10 min, and 9.5 min.
became qualitatively worse, especially near the brain During the recordings, the animals often made sponta-
surface where pulsations are larger than at depth due neous movements resulting in displacement signals of
to the presence of the craniotomy. The compensation up to 30–40 mm (Figures 4A–4D) With the stabilizer on,
was adequate to substantially reduce motion artifacts cranial motions of more than 40 mm did not result in large
and make stable recordings throughout the 600 mm di- fluctuations of the membrane potential, depolarization
ameter of a premotor nucleus of the song control system above the average holding potential or excessive spike
(nucleus RA) with one initial calibration. One calibration discharge. The holding potentials of all neurons were
run was often adequate for several hours and was some- approximately 260 mV for the duration of the recordings.
times effective for subsequent recordings even in the Action potential amplitudes were greater than 50 mV.
To quantify the improvement in recording duration,contralateral hemisphere.
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of the recordings and action potential amplitudes were
greater than 50 mV. Spontaneous movements of the
treadmill running rats occurred nearly constantly, pro-
ducing continuous 20–30 mm fluctuations in cranial dis-
placement (Figures 4F and 4H). No attempt was made
to obtain intracellular recordings in the running rat with-
out the stabilizer, as the observed displacements were
much larger than the 5–10 mm cranial displacements
found to produce permanent loss of the recording with-
out the stabilizer in the resting rat experiments.
Discussion
I have presented two techniques for dynamically stabi-
lizing a recording electrode in brain tissue to achieve
stable intracellular recordings in vivo and in awake be-
having animals. The predictive stabilizer utilizes mea-
surements of physiological signals strongly correlated
with brain motion to control the electrode position. The
latter technique uses direct measurement of brain or
cranial displacements near the recording site to control
the electrode position. The two techniques will have
somewhat different areas of applicability.
The predictive stabilizer is useful under conditions
where the brain motion is dominated by simple periodic
motions and where there is a reliably measured external
Figure 3. Apparatus for Interferometric Electrode Tracking of Cra- correlate of the brain motion. Here I have demonstrated
nial Motion this technique for cardiac and respiratory pulsations,
Cranial motion is strongly correlated with brain motion during spon- but other examples might include swimming, wing beat-
taneous movements in a head-fixed awake rat. Displacements of ing, or locomotion. The relationship between the mea-
the cranium along the electrode axis are measured with a laser sured signal and the brain motion can be quite complex
interferometer. The signal beam is focused onto a small reflector
since the technique can incorporate on-line calculation(flattened 120 mm gold wire) set on the bone near the craniotomy
of a linear and nonlinear transformation of the measuredthrough which the electrode passes. The reflected beam from the
predictive signal to generate the control signal for thecranium is directed back through the interferometer onto a photodi-
ode (PD). The reference beam is frequency shifted by 110 MHz with electrode. The success of the predictive stabilizer for
an acousto-optic modulator (AOM) and is aligned with the signal any particular application will be determined by the ex-
beam at the beam splitter (BS). The resulting 110 MHz beat note is tent to which tissue motion may be predicted from the
amplified (AMP) and demodulated at two phases in a pair of RF
physiological correlate, and the stability of the relation-mixers (MX) to give the sine and cosine of the interferometer fringe.
ship between the brain motion and the measured signal.A quadrant demodulator is used to detect fringe movement in inter-
The predictability may, of course, vary considerably invals of l/4; fringe movement is accumulated with a 12-bit counter.
The counter output is passed into a D/A converter to give an analog different preparations and different animals.
signal proportional to the total displacement of the cranium. The A quantitative comparison of the duration of intracellu-
displacement signal controls a piezoelectric manipulator such that lar recordings with and without the predictive stabilizer
the recording electrode tracks cranial motion.
is difficult because of the large variability and non-
Gaussian distribution of recording durations across dif-
ferent penetrations and different animals. Thus, charac-several attempts were made to obtain intracellular re-
cordings without the stabilizer on. These recordings (n . terizing the distribution of recording durations with and
without the stabilizer would likely require many tens of40) were of a short duration, usually less than 10 s; no
recording lasted longer than 30 s. For the brief duration recordings in each condition and across many animals;
this was not done. The intention here has been to dem-of these penetrations, animal movements produced
large depolarizations (z20–30 mV) and high-frequency onstrate that the predictive stabilizer significantly re-
duces the largest source of brain motion in anesthetizedspike discharge (50–100 Hz). With the stabilizer off, per-
manent loss of the cell was often associated with small animals; cardiac and respiratory pulsations. In prepara-
tions for which these pulsations present a serious limita-(5–10 mm) cranial displacements. Spontaneous move-
ments of the resting rats resulting in displacements tion to recording duration, the predictive stabilizer would
likely provide great benefit. In addition, the predictivegreater than this magnitude occurred several (4 6 2)
times per minute (Figures 4B and 4D). stabilizer reduces the presence of artifactual fluctua-
tions in membrane potential often associated with brainAs a further demonstration of the effectiveness of
the direct position measurement stabilizer, intracellular movement.
The direct position measurement stabilizer is applica-recording were made in sensorimotor cortex in the two
running rats, with durations of 4 min, 3 min, 3 min, and ble under any conditions where the movement of tissues
near the neuronal recording site can be directly mea-3.4 min (Figures 4E–4H). Again, holding potentials of the
neurons were approximately 260 mV for the duration sured. The success of this technique will be determined
Stabilization of Electrodes for Intracellular Recording
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Figure 4. Intracellular Recording in Sensorimotor Cortex of an Awake Head-Fixed Rats
(A) Sample of a 10 min intracellular recording in an awake, lightly restrained rat.
(B) Cranial displacement signal showing breathing motion (z1 mm) and larger deflections from spontaneous movements of the animal.
(C and D) Expanded view of intracellular record and displacement signal (from [A] and [B]) during one large cranial movement. Note the lack
of depolarization and spike discharge typically associated with electrode movement.
(E) Intracellular recording in sensorimotor cortex of a head-fixed rat running on a treadmill. Sample from a 3 min intracellular recording.
(F) Large cranial displacements result from spontaneous animal movements. Episodes of treadmill running produce periodic cranial displace-
ments and are indicated by the solid black lines.
(G and H) Expanded view of the signals in (E) and (F) showing the stability of the intracellular record during the treadmill running.
by the degree of relative motion between the neuronal Assessment of the direct position measurement stabi-
lizer for maintaining stable intracellular recordings wasrecording site and the site at which the displacements
are measured. In the experiments described here, ob- made by comparing the quality and duration of at-
tempted recordings without the stabilizer. Recordingsservations suggest that residual motion of the brain
within the cranium was the primary factor limiting the without the stabilizer were of a short duration (none
longer than 30 s, most lasting less than 10 s) and showedduration of the recordings in the running rat. First, the
loss of intracellular recordings was generally not caused large fluctuations in membrane potential, correlated with
animal movements. The permanent loss of the intracellu-by cranial movements that exceeded the range or the
tracking rate of the interferometer or piezoelectric ma- lar recording was often associated with spontaneous
animal movement that resulted in small cranial displace-nipulator. Instead, observations of the animals’ behavior
during the treadmill experiments suggest that loss of ments (less than z10 mm). These movements occurred
several times per minute in the head-fixed resting rats.the intracellular recording was often associated with
large extensions and contractions of the torso. Such In contrast, with the stabilizer on, cranial displacements
of more than 40 mm produced no fluctuations in mem-movements may produce little cranial motion but may
cause brain motion coupled mechanically from the spi- brane potential and did not compromise a stable re-
cording.nal cord or through changes in blood or intracranial
pressure. The utility of these stabilizer techniques for patch ex-
periments was not assessed. Both techniques pre-Furthermore, since respiratory and cardiac pulsations
were not compensated in the awake rat experiments, sented here actively compensate for brain motion along
the axis of the recording electrode, relying on the me-these may have contributed to relative motion of the
brain and the cranium. Intracellular recordings in awake chanical compliance of the electrode in the lateral di-
mensions. Patch electrodes typically have a muchanimals under conditions of large cardiac and respira-
tory pulsations may require the simultaneous use of a shorter shank and larger tip than sharp intracellular elec-
trodes. The question of whether the lateral compliancepredictive stabilizer as well as the direct position mea-
surement technique. The additional efficacy of using the of these electrodes is adequate for stable intracellular
patch recordings with only axial stabilization will needpredictive stabilizer with the direct position measure-
ment stabilizer was not tested here. to be addressed. Alternatively, it may be possible to
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stage of training, a stainless steel plate was surgically implantedmeasure and compensate for brain movements along
onto the cranium. Two animals were additionally trained to run onthree axes.
a small unpowered treadmill. Again, the training occurred in stages,Brain movement in cerebral cortex is well correlated
beginning with a velcro collar and progressing to head restraint with
with overlying cranial displacements; enough to permit an implanted mounting plate.
dramatic improvements in intracellular recording dura- The protocols used have been approved the relevant Institutional
Animal Care and Use Committee, and they conform to the NIHtion. In structures more distant from the cranium, or
guidelines for the humane care and use of laboratory animals.structures with other strong mechanical influences such
as the brainstem, the correlation is likely to be much
Intracellular Recordingweaker. Stable intracellular recordings in these cases
Intracellular recordings were carried out using standard techniques
would require a direct measurement of brain motion in with a Neurodata IR283 recording amplifier. Electrodes were pulled
the vicinity of the recording site. New brain imaging (Sutter P-2000) from borosilicate capillary tubing (1.0 mm 3 0.59
techniques, such as two-photon microscopy (Denk et al., mm). The electrodes were filled with either 3 M KAc or 0.4 M KAc
with impedances of 80–150 MV. The electrode tip impedance mea-1990) or optical coherence tomography (Huang et al.,
surement for the predictive stabilizer was made by passing 1 nA1991; Roper et al., 1998) coupled with optical fiber tech-
hyperpolarizing current through the electrode. The electrode wasnology, will likely provide the means to measure brain
advanced until reliable cardiac and respiratory rhythm was seen in
motions at recording sites anywhere in the brain, not the electrode voltage.
just near the cranium.
The techniques described here significantly reduce Calculation of FIR Filter Coefficients
The filters are implemented as digital finite-impulse response (FIR)the two largest sources of brain motion that limit the
filters on a DSP board (Signalogic, PC-32). Custom assembly lan-usefulness of intracellular recording in whole animal prep-
guage DSP code was written to implement the two simultaneousarations; cardiac and respiratory pulsations, and sponta-
filters for cardiac and respiratory signals. The calculation of the EKG
neous movement. These techniques and their extensions filter coefficients is described here; the corresponding calculation
should make possible intracellular studies previously for the respiratory filter is similar. The electrode control voltage Ve(t)
rendered impossible by brain movement. For example, at the current time step is given by the FIR equation:
spontaneous whisker movements were often observed
Ve(t) 5 o
i
aiE(ti), ti 5 t 2 i*Dt, i 5 0 . . . N,during the intracellular recordings in the resting rat ex-
periments. Furthermore, head fixed rats can be condi- where N is the number of FIR coefficients, ai are the N coefficients
tioned to whisk reliably (Bermejo et al., 1996), suggesting of the FIR filter, E(ti) are the N-most recent values of the EKG voltage,
the immediate feasibility of intracellular studies of sen- and Dt is the sampling interval. If the optimal control voltage V*(t)
were known over some long time interval, then the filter coefficientssorimotor processing and learning in awake rats. In addi-
could be determined as those that minimize the squared error be-tion, place cell activity has been demonstrated in tread-
tween the optimal and the estimated control voltage:mill-running rats (Czurko et al., 1999), suggesting the
possibility of intracellular studies of hippocampal dy- Emin 5 minai ojV*(t) 2 Ve(t)j
2.
namics during locomotion. The active stabilizer may also
find immediate application in intracellular studies in Unfortunately, we do not know a priori the optimal time-dependent
control voltage that stabilizes the electrode. As an approximation,head-fixed behaving monkeys. Furthermore, relatively
the optimal control voltage V*(t) may be inferred from the electrodesimple extensions of these techniques may allow simul-
impedance signal Z(t) using the relationship V*(t) 5 G*Z(t), where Gtaneous intracellular recordings in multiple neurons of
is the slope of the relationship between piezo control voltage andawake animals, an approach crucial to further under-
electrode impedance. Since G is a function of electrode position,
standing the functional relationships between neurons this is a nonlinear relationship. However, the best overall results
during behavior. were obtained by using the average value (G) of G. G is determined
by sinusoidally dithering the piezoelectric control voltage Vpzt(t) at
a high frequency (fD < 80 Hz) with roughly 1 mm motion amplitude.
Experimental Procedures G is simply the ratio of the average amplitude of the fluctuations in
the electrode impedance at the dither frequency to the amplitude of
Animals piezoelectric control voltage. The ratio is calculated in the frequency
As a test of the predictive stabilizer, recordings were carried out in domain:
adult male zebra finches. The animals were anesthetized with 7 ml/
gm, 20% urethane. Using stereotaxic coordinates, a small craniot- G 5 jSVZ(vD) / SZZ(vD)j.
omy (,1 mm) was opened to gain access to the robust nucleus of
The spectral densities SVZ and SZZ are found using multitaper spec-the archistriatum (nucleus RA). The skull was then fixed to a stainless
tral analysis techniques (Percival and Walden, 1993), for example:steel plate that was subsequently secured to the recording appara-
tus for the recording session. Body temperature was controlled
SVZ(v) 5 o
N21
k50
[yVPZTk (v)]*[yZk(v)], where yZk(v) 5 I{vk(t)Z(t)},using a thermoelectric blanket (Harvard Apparatus). The electrocar-
diogram (EKG) was recorded differentially with electrodes placed
subcutaneously on the ventral surface of the thorax. To monitor is the FFT of the signal Z(t) windowed by the kth discrete prolate
spheroidal wave function (Thompson, 1982). These wave functionsrespiratory activity, a silastic tube (0.050” OD) was inserted into the
anterior end of the intraclavicular airsac near the trachea (Brack- are available as built-in functions in MATLAB.
The vector of coefficients a; that produce the least squared errorenbury and Gaunt, 1973). The air pressure was measured using a
solid state pressure sensor (Sensym, SCX-LCD). Emin for stationary signals is found in the frequency domain from the
transfer function A(v) 5 SVX(v)/SXX(v), where SVX(v) is the cross-As a test of the direct position measurement stabilizer, intracellu-
lar recordings were carried out in cerebral cortex of awake adult spectral density between V*(t) and E(t), and SXX(v) is the spectral
density of E(t). The spectral densities are estimated using the spec-male rats. Four animals were conditioned to head restraint over the
course of roughly one week. The animals were wrapped in a cotton tral analysis techniques described above. Since the EKG and respi-
ratory signals are fairly periodic, the transfer function calculated thiscloth, greatly improving their initial tolerance for restraint. A water
reward was given to reinforce sitting quietly in the apparatus. Condi- way is defined only at harmonics of the fundamental frequency (see
Figure 1B). The time domain impulse response ao(t) is found as thetioning occurred in stages, initially with a velcro collar. For the final
Stabilization of Electrodes for Intracellular Recording
467
Fourier transform of the transfer function A(nv0) at the harmonics. Acknowledgments
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